Context. The origin of radio halos in galaxy clusters is still unknown and is the subject of a vibrant debate both from the observational and theoretical point of view. In particular the amount and the nature of non-thermal plasma and of the magnetic field energy density in clusters hosting radio halos is still unclear. Aims. The aim of this paper is to derive an estimate of the pressure ratio X = P non−th /P th between the non-thermal and thermal plasma in radio halo clusters that have combined radio, X-ray and SZ effect observations. Methods. From the simultaneous P1.4 − LX and P1,4 − YSZ correlations for a sample of clusters observed with Planck, we derive a correlation between YSZ and LX that we use to derive a value for X. This is possible since the Compton parameter YSZ is proportional to the total plasma pressure in the cluster (that we characterize as the sum of the thermal and non-thermal pressure) while the X-ray luminosity LX is proportional only to the thermal pressure of the intracluster plasma. Results. Our results indicate that the average (best fit) value of the pressure ratio in a self-similar cluster formation model is X = 0.55 ± 0.05 in the case of an isothermal β-model with β = 2/3 and a core radius rc = 0.3 · R500 holding on average for the cluster sample. We also show that the theoretical prediction for the YSZ − LX correlation in this model has a slope that is steeper than the best fit value for the available data. The agreement with the data can be recovered if the pressure ratio X decreases with increasing X-ray luminosity as L −0.96 X . Conclusions. We conclude that the available data on radio halo clusters indicate a substantial amount of non-thermal pressure in cluster atmospheres whose value must decrease with increasing X-ray luminosity, or increasing cluster mass (temperature). This is in agreement with the idea that non-thermal pressure is related to non-thermal sources of cosmic rays that live in cluster cores and inject non-thermal plasma in the cluster atmospheres that is subsequently diluted by the ICM acquired during cluster collapse, and has relevant impact for further studies of high-energy phenomena in galaxy clusters.
Introduction
The origin of radio halos (RHs) in galaxy clusters is a longstanding but still open problem. Various scenarios have been proposed that refer to primary electron models (see, e.g., Sarazin 1999 , Miniati et al. 2001 , re-acceleration models (see, e.g., Brunetti et al. 2009 ), secondary electron models (see, e.g., Blasi & Colafrancesco 1999 , Miniati et al. 2001 , Pfrommer et al. 2008 , and also geometrical projection effect models (see, e.g., Skillman et al. 2012) . Each one of these models has both interesting and contradictory aspects, but each one relies on the presence of a population of relativistic electrons (and positrons) and of a large-scale magnetic field that are spatially distributed Send offprint requests to: S. Colafrancesco in the cluster atmosphere. In the following we assume that RHs are produced by an intrinsic relativistic electron population within the cluster atmosphere. The presence of RHs in clusters requires then an additional non-thermal pressure (energy density) component in addition to the thermal pressure (energy density) provided by the intra cluster medium (ICM).
It has been recognized that galaxy clusters hosting RHs show a correlation between their radio power measured at 1.4 GHz P 1.4 due to synchrotron emission, and their X-ray luminosity L X due to thermal bremsstrahlung emission (see, e.g., Colafrancesco 1999 , Giovannini et al. 2000 , Feretti et al. 2012 ) that can be fitted with a power law P 1.4 ∝ L d X with slope d lying in the range 1.5 to 2.1 (see , e.g., Brunetti et al. 2009 for a recent compilation). Such a correlation links the non-thermal particle and magnetic field energy density (pressure), related to the synchrotron radio luminosity P 1.4 ∝ n e,rel B (α+1)/2 ν −(α−1)/2 ∼ P non−th U (α+1)/4 B (where α is the slope of a power-law electron spectrum n e,rel ∼ E −α ), with the thermal pressure P th of the ICM, related to the thermal bremsstrahlung X-ray emission given by L X ∝ n 2 e T 1/2 ∼ P th t −1 cool , where P th ∝ n e T and t cool ∝ T 1/2 n −1
e . An analogous correlation has been found (see, e.g., Basu 2012) between P 1.4 and the integrated Compton parameter Y SZ due to the SZ effect (SZE) produced by Inverse Compton Scattering of CMB photons off the electron populations that are residing in the cluster atmosphere (see Colafrancesco et al. 2003 for details, and Colafrancesco 2012 for a recent review). The Compton parameter Y SZ ∝ d P tot is proportional to the total particle pressure (energy density) provided by all the electron populations in the clusters atmosphere (see Colafrancesco et al. 2003) :the cluster atmosphere is thus the combination of the thermal plasma producing X-ray emission and the non-thermal plasma, at least the one producing synchrotron radio emission. Therefore, the P 1.4 − Y SZ correlation links the nonthermal particle and B-field pressures, as measured by P 1.4 , with the total particle pressure P tot , as measured by Y SZ . For the sake of generality we write here the total particle pressure P tot as P tot = P th + P non−th = P th 1 + X
where X ≡ P non−th /P th . The correlated X-ray, SZE and radio emission from RH clusters, as shown by the P 1.4 − L X and P 1.4 − Y SZ relations, indicate that the RH cluster atmospheres must also exhibit a relation between the thermal ICM pressure P th and the non-thermal particle pressure P non−th that can be hence constrained by observations. In this paper we will discuss the constraints on the quantity X set by the available radio, X-ray and SZE information on a sample of RH clusters observed by Planck. In Sect.2 we discuss the cluster data that we use in our analysis, and we discuss the theoretical approach to derive information on the pressure ratio X in Sect.3. We discuss our results and draw our conclusions in the final Sect.4.
We assume throughout the paper a flat, vacuumdominated Universe with Ω m = 0.32 and Ω Λ = 0.68 and H 0 = 67.3kms
−1 M pc −1 .
The cluster sample
We consider here a sample of galaxy clusters which exhibit RHs and that have also X-ray and SZE information. The cluster data that are used in our analysis are selected from the Planck Collaboration (2011) and from Brunetti et al. (2009) . The cluster redshifts and the radio power P 1.4 are taken from Brunetti et al. (2009) and from Giovannini et al. (2009) , the bolometric X-ray luminosity L X are taken from Reichert et al (2011) while the integrated Compton parameter Y SZ are taken from the Planck Collaboration (2011). We also used information on the cluster velocity dispersion collected from various authors like Wu et al. (2009 ), Zhang et al. (2011 . As for the cluster A781 we used the information given by Cook et al. (2012) and from Geller et al. (2013) Our final cluster sample extends the cluster sample considered by Basu (2012) by including some additional clusters for which the integrated Compton parameter is now available. The final RH cluster sample we use in this work is reported in Tables 1 and 2 . Table   Table 1 1 reports the values of the cluster radio halo power P 1.4 , the bolometric X-ray luminosity L X and the redshift z. we re-scale the L X and P 1.4 values in order to accommodate them to the new cosmological model used here. We rescale our P 1.4 as follows
and for the bolometric luminosity L X we obtain 
Correlations
The sample of RH clusters we consider in this paper exhibits the P 1.4 − L X and P 1.4 − Y SZ correlations shown in Figs. 1 and 2. Because of the common variable P 1.4 in both correlations shown in Figs. 1 and 2, a correlation between Y SZ and L X is then expected theoretically and it is actually found in the data (see Fig.3 ).
In order to fit the P 1.4 -L X , the P 1.4 -Y SZ and the Y SZ -L x correlations, we have adopted the approach of Akritas and Berchady (1996) . According to this approach, in order to fit a straight line y = mx + c to a data set, the slope and the intercept are given as follows
wherex is the mean of x and same for y. σ x,i and σ y,i are the errors in x and y. A proper treatment of the error propagation shows that the variance in the slope and in the normalization of the best-fit line can be computed as
where
and
In addition to the previous analysis of the variance in the slope and of the normalization, a further treatment is needed here to take into account the intrinsic scatter in the data. In order to estimate this intrinsic scatter we follow the method outline in Akritas and Berchady (1996) which summarize as follows
where R i is the residual. Then the intrinsic scatter σ 2 0 is estimated as follows
The χ 2 is then written as
where σ 
Theoretical analysis
The characteristic quantities that describe the galaxy cluster structure are defined in a simple self-similar model (see, e.g., Arnaud et al. 2010 , and references therein). We first derive a relation between the Compton parameter Y sph,500 and the bolometric X-ray luminosity L X for a general cluster in the case of a constant ICM density over R 500 . Then, following the same approach, we derive the same relation for the more realistic case of an isothermal β-model for the radial profile of the ICM number density. The final results presented in this paper refer to the case of the isothermal β-model.
The mass M 500 is defined as the mass within the radius R 500 at which the mean mass density of the cluster is 500 times the critical density, ρ c (z), of the universe at the cluster redshift
1/2 and G is the Newtonian constant of gravitation.
The characteristic thermal pressure of the cluster ICM at R 500 is defined as P 500 = n e,500 kT 500
where n e,500 and kT 500 are the thermal ICM electron numbers density and temperature, respectively. The electron number density is defined as
(see Arnaud et al. 2010) , where ρ g,500 = 500f B ρ c (z) with f B = 0.175 being the baryonic-fraction of the universe, m p is the proton mass and µ e ≈ 1.14 is the mean molecular weight of the gas per free electron. The temperature T 500 writes as
where µ is the mean molecular weight. The temperature T 500 is then the uniform temperature of an isothermal sphere with mass M 500 and radius R 500 . The characteristic bremsstrahlung X-ray luminosity (see, e.g. Rybicki and Lightman 1985) of a cluster can be written as
where t cool = T 1/2 500 /n e,500 . The normalization constant C 2 in the previous eq.(17) takes the value of 1.728 × 10 −40 W s
The characteristic integrated spherical Compton parameter calculated within the radius R 500 can be written as
We have previously denoted with Y SZ D
2
A the cylindrical Compton parameter within a radius 5 · R 500 and here we introduce as Y sph,R500 the spherical Compton parameter within the radius R 500 . We note that the spherical Compton parameter is equal to the cylindrical Compton parameter within the radius 5 · R 500 as pointed out by Arnaud et al. (2010) . Since the Integrated Compton parameter given for the SZE data by the Planck Collaboration (2011) is measured at a radius of 5 · R 500 Fig. 3 . The correlation between Y sph,R500 · E 9/4 (z) and L X correlation for the cluster sample we consider in this paper. The best-fit power-law relation has a slope m = 0.89 ± 0.05 and a normalization of Logc = −44.11 ± 2.23 and it is shown by the blue solid curve. The dashed curves showing the uncertainties in the slope of the correlation are shown in cyan.
, we scale the data of the Compton parameter given by the Planck Collaboration (2011) down to R 500 using the relation given in Arnaud et al. (2010) as follows
where the value of I(1) = 0.6552 and I(5) = 1.1885. These values are given in the Appendix of Arnaud et al. (2010) .
We derive here the correlation between the spherical integrated Compton parameter Y sph,R500 and the bremsstrahlung bolometric X-ray Luminosity L X by using the simple self similar cluster model previously discussed. The correlation between the spherical Compton parameter Y sph,R500 and the bolometric X-ray luminosity L X shown by our cluster sample is given in Fig.3 . We derive the theoretical relation between the integrated Compton parameter and the bolometric X-ray luminosity by using eqs. (17)- (18) first assuming a distribution of the plasma with a constant density over R 500 and then we generalize the same relation to a more realistic density distribution. The slope of the correlation is in fact independent of the assumed cluster density profile while it affects only its normalization. Combining eqs. 13- (18) The quantity E(z) is the ratio of the Hubble constant at redshift z to its present value, H 0 , i.e., E(z) = [Ω M (1 + z)
3 + Ω Λ ] 1/2 . In order to estimate the best-fit value of X from our cluster sample we minimize the χ 2 for the Y SZ − L X relation with respect to the value X. We first consider the case in which the pressure ratio X is constant and therefore, the non-thermal pressure has the same radial distribution of the thermal plasma in the cluster. We will discuss in Sect. 4 below the impact of this assumption on our results.
We now compute the same correlation Y sph,R500 − L X by using a more realistic, but still simple, isothermal β-model (see, e.g., Sarazin 1988 for a review) in which the ICM is assumed to be in hydrostatic equilibrium with the pressure balancing gravity. Following Ota and Mitsuda (2004) , the equation for hydrostatic equilibrium writes as
where M (r) is the total mass enclosed in a radius r.
In a simple β-model density profile ρ g (r) = ρ g,0 1 +
where ρ g,0 is the central gas density, r c the core radius and β takes usually values ∼ 0.5 ÷ 1, the mean total density,ρ(r) inside a radius of r is given bȳ
is the central total density of the cluster. From this one can write the central gas number density as
Then using Eqs. (17) and (18) and writing r c = λR 500 one can cast the central gas number density as
Several values of λ have been used by different authors (see, e.g., Bahcall 1975 , Sarazin 1988 , Dressler 1978 suggesting that for typical rich clusters the value of λ is in the range 0.1 ÷ 0.25. For X-ray clusters the value of λ can even go up to 0.3. We adopt here the value of λ = 0.3 which gives consistent values of X ≥ 0 for the majority of the RH clusters in our sample. We notice, in fact, that the value of X is sensitive to the central number density in the formalism we adopt here, with large values of the central density leading to large values of X. We stress that this description assumes that the non-thermal plasma is distributed spatially as the thermal ICM, and that the pressure ratio X is therefore spatially constant. Relaxing this assumption can provide slightly different results that we will discuss in a further analysis of the radial distribution of the cluster pressure structure (Colafrancesco et al. in preparation) .
Under the β-model density profile assumption, the spherical integrated Compton parameter and the X-ray luminosity within R 500 can be written as (25) and
In order to clarify the main dependence of the integrated Compton parameter from the bolometric X-ray luminosity we write eqs.(25-26) into a compact form similar to eq.(20)
where we have defined the following quantities
The theoretical prediction for a constant value of X for all clusters is shown in Fig.4 together with the best-fit correlation of the data. We stress that the theoretical curve calculated under these assumptions is sensitively steeper than the power-law best-fit to the data. This is the result of having assumed a constant value of X for all cluster X-ray luminosities in our model. A decreasing value of X In order to analyze this point, we compute the value of X for each individual cluster in our sample by using the relationship between the Compton parameter and the Xray bolometric luminosity given above. Table 3 reports the values of X calculated for the considered clusters assuming the previous β-model. The error in X is calculated from the error in the Luminosity and the Compton parameter. It is given by
It is interesting that the analysis presented in this paper can provide a barometric test of the overall pressure structure in galaxy clusters that can be also useful for future studies. Fig.5 shows the correlation of the values of X with both the Compton parameter and with the bolometric Xray luminosity of each cluster. The data and our estimate for X show that there is a clear decreasing trend of the pressure ratio X with both the cluster X-ray luminosity and with the integrated Compton parameter indicating that low-L X (mass) cluster hosting RHs require a larger ratio of the non-thermal to thermal pressure ratio. We fit is statistically significative: in fact, the probability of having a χ 2 red being larger than 1.14 (1.56) with 17 (18) d.o.f. is 0.307 (0.061). The best-fit value of the exponent ξ = 0.96 is different from 0 at the 6 sigma confidence level.
For the sake of completeness we also show in Fig.6 the correlation between the total pressure ratio 1 + X and L X that is fitted with a power-law of the form (1 + X) = Q · L −ξ X with best-fit values ξ = 0.38 ± 0.05 and LogQ = 17.50 ± 2.49. Analogously, we find that a χ We then calculate our theoretical prediction for the Y sph,R500 − L X relation using the previous X ∝ L −ξ X relation and we find indeed a better agreement of the cluster formation model with the available data for our sample of RH clusters (see Fig.8 ). This is confirmed by the reduced χ 2 analysis. We have calculated the values of the χ 2 red in Fig. 8 . We show here the best fit line to the data (solid blue) together with the associated uncertainties in the slope and intercept (dashed cyan) and the theoretical expectation (solid red curve). The relation X ∼ L −0.96 x has been used in the theoretical prediction shown by the red solid curve. The green dashed line is the theoretical prediction for X = const.
the two cases of a constant value of X and in the case in which we insert the relation X ∼ L −0.96 X , as it results from our analysis of the extended sample of clusters we consider after the Planck SZ catalog release. The χ 2 red for the case with a varying X, i.e. using the best fit X ∝ L −0.96 X , is 0.96 (with 17 d.o.f.), while it is 0.86 (with 18 d.o.f.) in the case in which X =const. This indicates that the fit to the data with a value of X decreasing with the cluster X-ray luminosity is able to reproduce the correlation of the data better than in the case X =const., thus bringing consistency and robustness to our analysis and results.
Our result indicates that the existence of a nonthermal pressure in RH clusters with a ratio X = P non−th /P th that decreases with cluster X-ray luminosity (or mass) is able to recover the consistency between the theoretical model for cluster formation and the presence of RHs in clusters. Fig.9 shows the theoretical prediction for the Y sph,R500 − L X relation using the best-fit correlation between the total pressure ratio and the bolometric X-ray luminosity, 1 + X ∝ L −0.38 X Here the χ 2 red for the case in which we insert the relation 1 + X ∝ L −0.38 x is 0.97 (with 17 d.o.f.), while it is 0.86 (with 18 d.o.f.) in the case in which 1 + X =const. This again shows that the fit to the data with a value of 1 + X decreasing with the cluster X-ray luminosity is better that Fig. 9 . We show here the best fit line to the data (solid blue) together with the associated uncertainties in the slope and intercept (dashed cyan) and the theoretical expectation (solid red curve). The relation 1 + X ∼ L −0.38 x has been used in the theoretical prediction shown by the red solid curve. The green line is the theoretical prediction for 1 + X = const. in the case 1 + X =const., and it is consistent with the best-fit analysis of the (1 + X) − L X correlation.
Discussion and conclusions
We found evidence that the largest available sample of RH clusters with combined radio, X-ray and SZE data require a substantial non-thermal particle pressure to sustain their diffuse radio emission and to be consistent with the SZE and X-ray data. This result has been derived mainly from the Y sph,R500 − L X relation for a sample of RH clusters selected from the Planck SZ effect survey. This non-thermal particle (electron and positron) pressure affects in particular the value of the total Compton parameter Y sph,R500 within R 500 indicating an integrated Compton parameter that is a factor ∼ 0.55 ± 0.05 (on average) larger that the one induced by the thermal ICM alone. The shape of the Y sph,R500 − L X does not depend on the assumptions on the cluster parameters and density profiles, while its normalization (and therefore the value of X) depend on the cluster parameters. Specifically, the value of X decreases with increasing cluster core radius (or increasing value of λ) and increases with increasing value of the central particle density. Therefore, the normalization of the previous correlation, and consequently the best-fit value of X, are affected by the cluster structural parameters. Detailed studies of the values of X derived from the previous correlation could be then used as barometric probes of the structure of cluster atmospheres. However, one of the most important results we obtained in this work is that the simple description in which X is constant for every cluster fails to reproduce the observed Y sph,R500 −L X relation, requiring that X ∼ L are the messengers of the presence of hadrons (protons) in cluster atmospheres (see, e.g., Colafrancesco & Blasi 1998 , Marchegiani et al. 2007 , Colafrancesco & Marchegiani 2008 and references therein). We will address the consequences of this issue on the high-E emission properties of RH clusters elsewhere (Colafrancesco et al. 2013, in preparation) .
The results presented in this paper are quite independent on our assumptions of the cluster structural properties. Specifically, the slope of the Y sph,R500 − L X relation does not depend on the detailed shape of the cluster density profile, and hence the condition X ∼ L −0.96 X seems quite robust. However, the absolute value of the pressure ratio X for each cluster depends on the assumed density profile and on the simplifying assumption that the non-thermal electron distribution resembles the thermal ICM one. It might be considered, in general, that the nonthermal and thermal particle density radial distributions are correlated as n e,non−th (r) ∝ [n e,th (r)] α , and previous studies (see Colafrancesco and Marchegiani 2008) showed that the values of α do not strongly deviate from 1, thus rendering our assumption reasonable and our result robust.
In conclusion, we have shown that the combination of observations on RH clusters at different wavelengths (radio, mm. and X-rays) is able to provide physical constraints on the non-thermal particle content of galaxy clusters. This is possible by combining the relevant parameters carrying information on the non-thermal (i.e. the total Compton parameter) and thermal (i.e. the Xray bremsstrahlung luminosity) pressure components residing in the cluster atmosphere. The next generation radio (e.g. SKA and its precursors, like MeerKAT), mm. (e.g. Millimetron, and in general mm. experiment with spatially-resolved spectroscopic capabilities) and X-ray instruments will definitely shed light on the origin of radio halos in galaxy clusters and on their cosmological evolution.
